showed that the media, but not the adventitia, served as a source of neointimal cells. Conclusion: An augmented angioplastic injury with extensive VSMC loss in rabbits reduced the degree of intimal hyperplasia. No compensatory recruitment of neointimal cells from the adventitia occurred.
Introduction
The main interventional treatments for symptomatic atherosclerosis are bypass surgery and balloon angioplasty combined with stent implantation. However, 8-40% of the interventions fail within the first year due to restenosis, depending on the location and complexity of the atherosclerotic lesion and the procedure [1] [2] [3] . A major cause of restenosis is intimal hyperplasia, which is formed by accumulation of vascular smooth muscle cells (VSMCs) and deposition of extracellular matrix in the intimal vessel wall layer [4] . Intimal hyperplasia is also a substrate for lipoprotein retention leading to accelerated atherosclerosis, which is likely the cause of the rapid atherogenesis seen in vein grafts [5] [6] [7] .
Although the vessel wall media is a well-accepted source of intimal VSMCs, the adventitia is an additional potential cell source. However, it is not known under which conditions the adventitia contributes cells to the neointimal formation. For example, cell migration from the adventitia to the neointima might depend on the degree of vascular injury to the media. Apoptosis of VSMCs is observed in the media shortly after balloon injury [8] , and after a severe vascular injury the media can become almost acellular [9, 10] . Hence, an injury that induces neointimal formation can also deplete a main source of neointimal cells. In this situation, the adventitia might serve as an extra source of cells. Studies in the rat and pig have reported that more than 80% of the neointimal cells are derived from the adventitia following a severe balloon injury with major trauma to the media [9, 11] . However, other studies have shown no adventitial contribution of neointimal cells [12, 13] .
The aim of this study was to investigate whether a massive loss of VSMCs in the media results in less intimal hyperplasia or if there is compensatory recruitment of neointimal cells from the adventitia. We compared a major and a minor balloon injury in the rabbit carotid artery, where the major injury resulted in an extensive loss of medial VSMCs. We showed that the media was the main source of neointimal cells and that a severe balloon injury did not promote translocation of adventitial cells into the neointima. Instead, depletion of VSMCs in the media resulted in less intimal thickening, despite an increased inflammatory response. Hence, an increased magnitude of the angioplastic injury can, in certain circumstances, be beneficial in reducing the formation of intimal hyperplasia.
Methods

Animals, Surgery and Cell Labeling
All procedures were approved by the Animal Ethics Committee at the University of Gothenburg. Male New Zealand White rabbits (weight: 2.9-3.5 kg) were pre-medicated with midazolam 1 mg/kg intramuscularly (Dormicum ; Hoffmann-La Roche AG, Basel, Switzerland) and 10 min later anesthetized with fentanyl/ fluanisone 0.2 ml/kg intramuscularly (Hypnorm ; Janssen Pharmaceutica, Beerse, Belgium). To maintain anesthesia, an additional dose of 0.06 ml/kg fentanyl/fluanisone was given after 40 min. Balloon injury to the carotid artery was induced using a 3-french Fogarty embolectomy catheter (Edwards Laboratories, Santa Ana, Calif., USA) as earlier described [14] . The catheter was drawn through the common carotid artery either 4 times to induce major injury or 2 times to induce minor injury. Animals with acute thrombosis at the time of surgery (secondary to medial dissection) were excluded.
To pulse-label proliferating cells with 5-bromo-2-deoxyuridine (BrdU), rabbits were injected with BrdU at 12 and 24 h (n = 12) or at 48 and 72 h (n = 12) after balloon injury (60 mg/kg subcutaneous; Roche Diagnostics). To label adventitial cells with PKH26 [12] , the carotid artery was dissected free from its surrounding tissue immediately after the balloon injury. A 2-cm segment of the vessel was bathed for 20 min in 1 ml of 0.1 mol/l PKH26 (Sigma, Schnelldorf, Germany). The artery was washed with saline solution, and the wound was closed.
Histology
For PKH26 analyses, the rabbits were killed at day 14, the vessels were perfused with saline and samples of the carotid arteries were imbedded in OCT compound and snap frozen in liquid nitrogen. Cryosections (8 m) were stored in dark boxes at -80 ° C. Sections of PKH26-labeled tissues were nuclear stained with 4 ,6-diamidino-2-phenylindole (DAPI) and analyzed using a fluorescence microscope.
For all other analyses the rabbits were re-anesthetized at indicated times and pressure perfused with saline followed by 4% formalin as previously described [14] . The mid-section of the carotid artery was collected and further fixed in formalin for 4 h, dehydrated in ethanol followed by xylene, and finally embedded in paraffin. Transverse sections of 5 m were cut into slides. The specimens were de-waxed, and pre-treated with proteinase K (300 g/ml, 5 min), hydrogen peroxide (3%, 5 min) and dry-milk powder solution (5%, 15 min; Semper, Sundbyberg, Sweden). The following mouse monoclonal antibodies were used: anti-BrdU (ready-to-use super-sensitive mouse anti-BrdU IIB5; BioGenex, San Ramon, Calif., USA), mouse anti-human smooth muscle ␣ -actin (1: 500; DAKO, Glostrup, Denmark) and mouse anti-rabbit CD18 (1: 500; Acris Antibodies, Hiddenhausen, Germany). The specimens were incubated with primary antibodies at +4 ° C overnight, followed by 30 min with a secondary antibody conjugated with horseradish peroxidase (Envision; DAKO). Diaminobenzidine (DAB kit; DAKO) was used for visualization. Negative controls for BrdU staining were taken from balloon-injured rabbits that had not been treated with BrdU. For ␣ -actin and CD18, nonimmune mouse IgG primary antibodies were used as negative controls.
Morphometric Analyses and Leukocyte Counting
The total number of nuclei in the media 2 h after balloon injury was counted manually in hematoxylin-stained paraffin sections. Fragmented nuclei (apoptotic) were excluded. The area of brown ␣ -actin staining in the media 4 days after injury and the neointimal area and thickness 14 days after injury were measured with the Kontron Electronic image analyzing system (KS400 version 3.0; Carl Zeiss, Göttingen, Germany). The total number of nuclei in the neointima at day 14 was counted manually in DAPIstained paraffin sections. CD18-positive leukocytes in the adventitia and media 4 days after injury were counted manually. Because of difficulties in distinguishing the adventitia from the perivascular tissue, only adventitial leukocytes in contact with the external elastic lamina were counted.
Statistics
Data were analyzed with two-tailed Student's t test and twoway ANOVA with Bonferonni post hoc test using GraphPad Prism 5 (GraphPad Software).
Results
Extensive VSMC Loss following a Major Balloon Injury
We induced a major or minor balloon injury to the common carotid artery in rabbits. Two hours after injury, the total cell number in the media (VSMCs) was significantly less in the major injury group compared with the minor injury group ( fig. 1 a) . At day 4 after the major injury, large ␣ -actin-negative areas were seen in the media, and these areas were mainly repopulated with leukocytes ( fig. 1 b) . At day 4 after the minor injury, some loss of ␣ -actin could be seen, but a continuum of ␣ -actin-positive cells was present around the medial circumference ( fig. 1 c) . The total ␣ -actin-positive area at day 4 was significantly less following the major injury compared with the minor injury ( fig. 1 d) .
Increased Leukocyte Infiltration and Reduced Neointimal Formation following a Major Balloon Injury
At day 4, there were significantly more leukocytes (CD18-positive cells) in both the media and the adventitia after the major injury compared with the minor injury, and the difference in leukocyte count was more pronounced in the media ( fig. 2 a) . The medial leukocytes were mainly associated to areas of VSMC loss ( fig. 1 b, insert), while the adventitial leukocytes were more evenly distributed around the circumference (data not shown).
At day 14 after injury, the neointimal area in the major injury group was significantly reduced compared with the minor injury group ( fig. 2 b) . Detailed studies within the major injury group revealed that the thinnest neointima was formed at the most injured parts of the vessel. These areas were characterized by low levels of smooth muscle ␣ -actin ( ␣ -actin low ), both in the media and the neointima ( fig. 2 c) . At the less injured areas within the major injury group, characterized by high levels of smooth muscle ␣ -actin ( ␣ -actin high ), the neointima was almost 3 times thicker ( fig. 2 c, d) . Furthermore, the neointimal thickness at the ␣ -actin high areas in the major injury group was of similar size as the neointimal thickness in the minor injury group ( fig. 2 d) . Thus, the reduced neointima following the major balloon injury was caused by a very limited neointima formation at ␣ -actin low areas.
The difference in neointimal area between groups can depend on a difference in cell number, cell size or extracellular matrix. The number of intimal cells did not differ between groups ( fig. 3 a) , because of a higher cell density following the major injury compared with the minor injury ( fig. 3 b) . Within the major injury group the cell density was similar between ␣ -actin low and ␣ -actin high areas ( fig. 3 c) . Thus, the major injury resulted in an overall increased cell density due to either less extracellular matrix 
Neointimal Cells Are Recruited from the Media but Not the Adventitia
Because proliferation in the adventitia starts earlier than proliferation in the media, it is possible to selectively label adventitial cells with BrdU [9, 11] . To assess if cells migrated from the adventitia into the neointima in the present study, we injected rabbits with BrdU 12 and 24 h after balloon injury. Samples taken at day 4 after the major and minor balloon injuries showed that this BrdU pulse-labeling was effective and selective for the adventitia ( fig. 4 a, b) . At day 14, no BrdU-positive cells were detected in the neointima in either group, although cells in the adventitia still showed strong staining for BrdU ( fig. 4 c, d ). Thus, extensive loss of medial VSMCs did not stimulate translocation of BrdU-labeled cells from the adventitia to the neointima.
To assess if cells migrated from the media into the neointima, we injected BrdU 48 and 72 h after injury. With this labeling protocol, proliferating cells were labeled in both the media and the adventitia, as shown by samples taken 4 days after injuries ( fig. 4 e, f) . At day 14, BrdUpositive cells were present in the neointima after both the major and the minor injuries ( fig. 4 g, h) . Since selectively labeled adventitial cells did not translocate to the neointima ( fig. 4 c, d ), these data strongly suggest that the media was a source of neointimal cells.
As a complement to the BrdU-labeling protocol, we applied the fluorescent cell membrane dye PKH26 to carotid arteries immediately after the balloon injury. This treatment labels both proliferating and nonproliferating cells in the adventitia but does not reach cells in the media [12] . At 14 days after injury, PKH26-labeled cells were found in the adventitia in both the major and minor injury groups, but no labeled cells were found in the neointima ( fig. 5 a, b) . These PKH26 data provide further evidence to show that the adventitia was not a source of neointimal cells.
Discussion
In the present study, we analyzed the formation of intimal hyperplasia following a major and a minor balloon injury in the rabbit carotid artery. The major balloon injury resulted in an early extensive loss of medial VSMCs, which is in agreement with earlier studies showing a very rapid cell death due to apoptosis following balloon injury to the carotid artery in rat and rabbit [8, 15] . The major balloon injury also caused an increased inflammatory response. Surprisingly, the outcome of the major injury was less intimal hyperplasia compared with the minor injury. The reduced neointima was completely restricted to the areas of extensive VSMC loss following the major balloon injury, suggesting that the medial VSMCs are the major source of cells during the neointimal formation. This notion was supported by cell-tracking experiments that showed that the media, but not the adventitia, served as a source of neointimal cells, both after the major and the minor vascular injury. Thus, severe vascular injury with a massive loss of medial VSMCs did not promote translocation of adventitial cells to the neointima in the rabbit carotid artery. Inflammation is a central event in neointimal formation [16, 17] . Consequently, targeting the inflammatory response is a potential strategy to block neointimal formation and restenosis [16, 17] . In the present study, the major balloon injury caused an expected increase in the inflammatory response compared with the minor injury. Despite this increase, the major injury caused a reduction in the neointimal formation. The reduction of the neointima was seen at areas of early extensive VSMC loss, suggesting that the presence of medial VSMCs was a stronger determinant of the neointimal formation than the inflammatory response.
Our cell-tracking experiments supported the early theories stating that the media is the main source of neointimal cells [18, 19] . However, the origin of neointimal cells is still under debate. Several cell-tracking studies have examined the adventitia as a source of intimal VSMCs. Some of these studies show no contribution of adventitial cells [12, 13] , whereas others show a significant contribution of adventitial cells to the neointima [9, 11, [20] [21] [22] [23] . An explanation for these contradictory results might be that the adventitial participation depends on the degree of vascular injury. We hypothesized that the adventitia might serve as an extra source of neointimal cells following severe vascular injury when there is an extensive loss of medial VSMCs and therefore no medial VSMCs are available for the neointimal formation. However, our data show no compensatory recruitment of cells from the adventitia to the neointima. Hence, such a graded adventitial response does not seem to exist in the rabbit carotid artery.
Translocation of adventitial cells into the neointima has been reported in pig and rat [9, 11, [20] [21] [22] [23] . It is possible that the opposite results in the present study are due to species differences. In pig coronary arteries, a translocation of adventitial cells is seen following severe balloon traumas with medial dissection. An injury of this kind creates a direct connection between the adventitia and the lumen. This means that adventitial cells do not need to pass the media to reach the neointima. In rat, the media usually do not break following balloon injury, but there is a clear difference in the adventitial response compared with rabbit. Already 4 h after rat carotid injury a vast number of cells proliferate in the adventitia [9] . At this early time point we could not detect any proliferation at all in the rabbit carotid artery (data not shown). The pronounced adventitial reaction in rat might be a result of a thinner media, which for example might facilitate migratory and growth-stimulating factors from plasma, platelets and leukocytes to reach the adventitial compartment more easily and thereby provide a stronger stimulus for adventitial cells to proliferate and migrate towards the lumen. To track the adventitial cells, we used two different labeling substrates, BrdU and PKH26. Both techniques labeled a substantial number of adventitial cells, but we did not detect any translocation of the labeled cells to the neointima. The signal from both BrdU and PKH26 go halves after each round of mitosis and therefore rapidly dividing cells might eventually escape detection. However, BrdU has previously been used successfully both in rat and pig to track adventitial cell migration into the neointima [9, 11] . A limitation of using BrdU is that nonproliferating cells, which might potentially migrate into the neointima, are not detected. Therefore, we also used PKH26, which labels both proliferating and nonproliferating adventitial cells, and showed that PKH26-labeled cells were not detected in the neointima either. Together, these two labeling techniques provide strong evidence to show that adventitial cells did not translocate into the neointima. However, we do not exclude that the adventitia might influence the neointimal formation by release of cytokines, growth factors and reactive oxygen species, for example [24] .
Although the neointima was greatly reduced at areas of severe vascular injury in the major injury group in our study, a few neointimal cells were present and most of these cells expressed smooth muscle ␣ -actin. One possibility is that these intimal VSMCs migrated laterally from less injured areas. Alternatively, these cells were derived from the blood. Bone marrow-derived VSMCs (or, more accurately, smooth muscle cell-like cells) have been detected in the rat balloon-injury model and in different mouse models of intimal thickening [25] [26] [27] .
A main finding in the present study is that depletion of a single source of intimal cells was sufficient to dramatically reduce the neointimal formation in the rabbit. In humans, it is not known which cell sources are important for the formation of intimal hyperplasia. The available cell sources might vary depending on the treated vascular bed (for example peripheral artery, coronary artery or carotid artery) and/or the chosen procedure (for example balloon angioplasty, atherectomy, bypass surgery with vein grafts, arteries or prosthetic grafts). Importantly, our data imply that the available cell sources are a major determinant of the postangioplastic healing process and therefore the approach used to avoid restenosis/graft stenosis should be adjusted according to the location and type of vascular intervention.
In conclusion, we showed that the media, but not the adventitia, contributed neointimal cells to the rabbit carotid artery following balloon injury. Hence, an extensive loss of medial VSMCs did not promote migration of adventitial cells into the neointima. Instead, VSMC depletion in the media was associated with less intimal thickening, most likely due to a shortage of cells for the neointimal formation. Thus, an increased magnitude of the angioplastic injury might, under certain circumstances, be beneficial in reducing the degree of intimal hyperplasia.
